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Abstract 
Two original models for use as novel tools for the design of hydrogen-air deflagration mitigation systems 
for equipment and enclosures are presented. The first model describes deflagrations of localised 
hydrogen-air mixtures in a closed space such as a pressure vessel or a well-sealed building while the 
second model defines safety requirements for vented deflagrations of localised mixtures in an enclosure. 
Examples of localised mixtures include ‘pockets’ of gas within an enclosure as well as stratified gas 
distributions which are especially relevant to hydrogen releases. The thermodynamic model for closed 
spaces is validated against experiments available from the literature. This model is used to estimate the 
maximum hydrogen inventory in a closed space assuming the closed space can withstand a maximum 
overpressure of 10 kPa without damage (this is typical of many civil structures). The upper limit for 
hydrogen inventory in a confined space to prevent damage is found to be equivalent to 7.9% of the closed 
space being filled with 4% hydrogen. If the hydrogen inventory in a closed space is above this upper 
limit then the explosion has to be mitigated by the venting technique. For the first time an engineering 
correlation is presented that accounts for the phenomena affecting the overpressure from localised vented 
deflagrations, i.e. the turbulence generated by the flame front itself, the preferential diffusion in stretched 
flames, the fractal behaviour of the turbulent flame front surface, the initial flow turbulence in unburnt 
mixture, and the increase of the flame surface area due to the shape of an enclosure. Validation of the 
new vented deflagration model developed at Ulster has been carried out against 25 experiments with lean 
stratified hydrogen-air mixtures performed by the Health and Safety Executive (UK) and Karlsruhe 
Institute of Technology (Germany). 
 
Keywords: Hydrogen, localised flammable mixture, vented deflagration, inhomogeneous mixture, engineering 
correlation, validation. 
Nomenclature 
A fraction of vent area occupied by combustion products, or coefficient in equation (49)  
B coefficient in equation (49)  
Brt turbulent Bradley number, 𝐵𝑟𝑡 = (√𝐸𝑖 𝛾⁄ 𝜇𝐹𝑐𝑢𝑖) ((36𝜋0)
1 3⁄  𝛯𝑉2 3⁄ 𝑆𝑢𝑖 (𝐸𝑖 − 1)) 
𝐵𝑟𝑡
∗ parameter for scaling overpressure in equation (60) 
cp specific heat at constant pressure in equations (8) and (12) (J/kg/K) 
cv specific heat at constant volume in equation (20) (J/mol/K) 
cui speed of sound in unburnt mixture (m/s),  
D fractal dimension 
e energy per unit mass (J/kg) 
Ei combustion products expansion coefficient, Ei = MuiTbi/MbiTui 
F vent area (m2) 
G mass flow rate (kg/s) 
H height (m), or enthalpy (J) 
∆𝐻𝑐 heat of combustion (J/mol) 
∆ℎ𝑐 heat of combustion (J/kg) 
h enthalpy per unit mass (J/kg) 
L length (m) 
M molecular mass (g/mol) 
MRTcui 
m mass (kg), or burning velocity temperature index (Table7) 
n mass fraction, or burning velocity baric index (Table7) 
p pressure (Pa abs) 
q heat per unit mass (J/kg) 
R flame radius (m), or universal gas constant, R=8314 (J/K/kmol) 
𝑅# non-dimensional venting parameter,            21112# 1112   R  
R0 critical radius for transition from laminar to fully turbulent flame propagation regime (m) 
St turbulent burning velocity (m/s) 
Su laminar burning velocity (m/s) 
T temperature (K) 
t time (s) 
u internal energy per unit mass (J/kg) 
V volume (m3) 
v specific volume (m3/kg) 
W width (m), or non-dimensional venting parameter,   uiuui SVFcW 3231036   
w mechanical work of gas per unit mass (J/kg) 
 volumetric fraction of hydrogen in entire enclosure, 2Hx  
Z non-dimensional number,            111 1   ubuubbuib uuEZ 
  
Greek 
 volumetric fraction of localised flammable fuel-air mixture in enclosure 
* volumetric fraction of the fastest burning fuel-air mixture in enclosure 
γ adiabatic index,  γ=cp/cv 
 volumetric fraction of fuel in localised fuel-air mixture, and number of moles in equations (9)-(11) 
 discharge coefficient 
 non-dimensional pressure 
ipp  
 “Pi” number, 3.14159 
 deflagration-outflow interaction (DOI) number,  𝜇⁄ = 𝛯𝐾𝛯𝐿𝑃𝛯𝐹𝑅𝛯𝑢′𝛯𝐴𝑅𝛯𝑂 
Ψ empirical coefficient 
ΞK wrinkling factor to account for the turbulence generated by the flame front itself 
ΞLP wrinkling factor to account for the leading point flame acceleration mechanism 
ΞFR wrinkling factor to account for the fractal increase of the flame surface area 
Ξu’ wrinkling factor to account for the initial flow turbulence in unburnt mixture 
ΞAR wrinkling factor to account for the aspect ratio of the enclosure 
ΞO wrinkling factor to account for the presence of obstacles 
 density (kg/m3),   RTpM  
 relative density, 
i   
 non-dimensional time, 𝜏 = 𝑡 𝑆𝑢𝑖 𝑐𝑢𝑖⁄   
 volume fraction in enclosure 
 
Subscripts 
air air 
b burnt mixture 
corr correlation value 
exp experimental value 
f fuel 
H2 hydrogen 
i initial conditions 
MAX maximum 
MIN minimum 
m flammable mixture 
t turbulent 
u unburnt mixture 
0 initial thermodynamic state (before combustion) 
1 thermodynamic state 1 (on completion of adiabatic isochoric combustion) 
2 thermodynamic state 2 (on completion of adiabatic expansion) 
2Hx
 Superscripts 
‘ value in flammable mixture 
 
Acronyms 
BOS Background Oriented Schlieren  
CFD Computational Fluid Dynamics 
DOI Deflagration-Outflow Interaction 
LES Large Eddy Simulation 
RHS Right-Hand Side 
SGS Sub-Grid Scale 
 
1 Introduction 
Deflagration of inhomogeneous, e.g. stratified, fuel-air mixtures in an enclosure, where fuel 
concentration varies mainly in vertical direction, is a realistic accident scenario for both industrial 
environment and domestic premises [1, 2]. This scenario may result from a slow release of heavier or 
lighter than air flammable gas, or a spill of flammable liquid, leading to formation of flammable layer 
near the floor or ceiling. The combustion of hydrogen-air-steam mixtures is of interest in the analysis of 
postulated post-accident nuclear containment events [3]. Mitigation of hydrogen-air deflagrations in 
realistic scenarios with inhomogeneous layers is on the research agenda due to the ongoing deployment 
of hydrogen systems and infrastructure in different countries around the globe.  
Flammable stratified fuel-air mixture could occupy either the whole volume of an enclosure or only a 
part of the volume. Currently, the design of gaseous and dust explosion mitigation system by venting 
technique for partial-volume deflagrations presumes that the entire enclosure volume is occupied by the 
flammable mixture [1,4]. On the other hand, it is an established fact that deflagrations in mixtures with 
concentration gradient may be more dangerous than those in uniform mixtures with the same amount of 
released flammable gas [3]. 
Stamps et al. reviewed publications on combustion of localised mixtures in closed vessels [5]. Theoretical 
work on dynamics of partial combustion in a closed vessel was traced back to work by Flamm and Mache 
[6], and Lewis and von Elber [7]. Most of the work in those studies was aimed at finding the burning 
velocity from measured pressure-time history in closed vessels. Another group of models was focused 
on maximum deflagration pressure in closed vessel using thermodynamic equilibrium approach. For 
example, Sibulkin [8] considered localised mixture combustion as expansion process with heat transfer 
and work interaction. He applied the first law of thermodynamics assuming that pressure in the work 
term was constant and equal to the initial one, which restricted the model to relatively low overpressures. 
Babkin et al. [9] considered a closed system of unburnt, burnt and inert mixture. They used the 
conservation of volume and internal energy, as well as the equality of enthalpy across the flame front to 
obtain expression connecting maximum overpressure, mass fraction of unburnt mixture, and expansion 
coefficient. Boyack et al. [10] studied localised mixture combustion based on thermodynamic principles. 
They separated the process into two stages: complete combustion in a constant volume, and expansion 
of combustion products. Their model was based on the conservation of entire system energy, mass and 
the assumption of isentropic expansion of combustion products and compression of inert gas. 
The first lumped parameter models of vented deflagration dynamics were developed and published by 
Yao [11] and Pasman et al. [12]. Later more detailed vented deflagration theories were developed by 
Bradley and Mitcheson in 1978 [13], and by Molkov and Nekrasov in 1984 [14]. All these studies 
considered vented deflagrations for cases when the entire enclosure is occupied by homogeneous 
flammable mixture. More publications on vented deflagrations for fully occupied by flammable mixture 
enclosure could be mentioned, including work at FM Global, e.g. [1,15,16], and at Ulster, e.g. [4,17-19]. 
All mentioned above models are based on assumption that flame propagation is significantly lower than 
the speed of sound and pressure rise is uniform across enclosure. Thus lumped parameter models are 
anable to predict high overpressures in a particular enclosure location due to, e.g. local flame acceleration 
through a congested region, as it was experimentally observed in flat hydrogen-air layers by Friedrich et 
al. [20]. Successful use of a more sophisticated CFD method for resolution of such local effects was 
demonstrated in [21], where simulation of the stratified layer deflagration experiments [20] were 
performed.  
In 2001 a comparative study of a number of vent sizing correlations for enclosures fully occupied by 
flammable mixture was carried out by Razus and Krause [22]. The more recent comparison of different 
modelling approaches for simulation of uniform hydrogen-air mixture vented deflagrations may be found 
in [23, 24, 25] and for various fuel-air compositions – in [26]. To the best of authors’ knowledge the 
correlations for vent sizing, including NFPA 68 standard “Guide for venting of deflagrations” [27], do 
not include correlations validated for localised homogeneous and inhomogeneous mixture deflagrations.  
The paper aims to develop and validate novel engineering models for localised deflagrations in closed 
and vented enclosures. The thermodynamic model for localised uniform mixture deflagration 
overpressure in a closed building is validated against experimental data [5]. Validation of the model for 
localised uniform and non-uniform vented deflagration is carried out against unique experiments with 
hydrogen-air mixtures in two enclosures: 1 m3 volume chamber at Karlsruhe Institute of Technology 
(KIT, Germany) [28], and in 31 m3 volume container at Health and Safety Executive (HSE, UK) [24]. 
The study will underpin the design of inherently safer hydrogen systems and infrastructure. 
2 Thermodynamic model of localised mixture deflagration in a closed space 
2.1 Model formulation 
The model for calculation of maximum overpressure of localised uniform mixture deflagration in a 
closed space is based on thermodynamics principles and the assumption of thermodynamic equilibrium 
after combustion. Pressure dynamics is out of the scope in this model. Let us consider an enclosure with 
initial temperature of gases T0 and pressure p0. Figure 1 shows the enclosure, which is partially filled 
with homogeneous flammable fuel-air mixture occupying volume fraction of the enclosure , and the 
rest of the enclosure is filled with non-reacting “inert” gas, e.g. air, of volume fraction (1 − Φ). The 
mass of fuel in the flammable mixture is mf, the total mass of flammable mixture is mm, its molar mass 
is Mm, and its volume is Vm0. The mass of non-reacting gas (air) is mair, and the volume of air at initial 
state is Vair0. 
Final thermodynamic state parameters, i.e. pressure, temperature, and volume, depend on the final state 
of the system only. Following thermodynamics and similar to previous studies, e.g. Boyack et al. [10], 
we “split” combustion into two stages: constant volume combustion of the initial fuel-air mixture within 
volume fraction of the enclosure , and adiabatic expansion of the burnt fuel-air mixture inside the closed 
space. A schematic representation of these processes with parameters at initial state (state “0”), complete 
adiabatic isochoric combustion (state “1”), and adiabatic expansion of combustion products within the 
enclosure (state “2”) is shown in Figure 1. 
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State “0”: Initial state State “1”: Combustion V=Const State “2”: Expansion ∆q=0 
Initial state: T0, p0 
Fuel-air mixture: mm, Mm, Vm0 
Air: mair, Mair, Vair0 
 
Burnt mixture: mb, Tb1, pb1 
Air: mair, Mair, T0, ps0 
Final state of burnt mixture: 
Tb2, p2, mb, Mb, Vb2 
Final state of air:  
mair, Mair, Tair2, p2 
Figure 1.  Schematic problem formulation for localised deflagration in a closed space. 
The analysis is based on the conservation of volume occupied at state “0” by unburnt localised flammable 
mixture and non-flammable gas (air) before combustion, and at state “2” by burnt mixture and the same 
amount of air, which are compressed at stage “2”:  
2200 airbairm VVVV  . (1) 
 
This can be re-written using the perfect gas law as: 
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and rearranged to: 
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The transition from state “1” to state “2” is the burnt mixture adiabatic expansion from pressure pb1 to 
p2, and simultaneous adiabatic air compression from pressure p0 to p2. Then, equation (3) becomes: 
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from where we derive the equation for final deflagration pressure: 
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Perfect gas law for the flammable mixture at state “0”, for the burnt mixture at state “1”, and the 
conservation of volume of flammable and burnt mixtures in the process “0-1” are, respectively: 
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The ratio bb Mm can be then written in the form:  
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Substitution of this result into (5) gives: 
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(6) 
This equation may be simplified using the equality of molar and volumetric fractions and then using the 
conversion of mass to volume fractions: 
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Substitution of above equations for volume fractions into equation (6) gives a sought transcendential 
equation for p
2
, which may be solved iteratively, and where pb1 is yet to be defined: 
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This equation for p
2 
is different from Boyack et al. [10] as a result of our approach. Pressure  at state 
“1” (adiabatic isochoric combustion) may be obtained by using various methods. Here we describe two 
possible methods. 
Method 1 to calculate  
A procedure for calculation of burnt mixture pressure 1bp  may be derived from the internal energy 
conservation equation for isohoric process, 10 bm uu  . The process of adiabatic combustion with no heat 
input or loss, 0q , at constant volume, i.e. no work done by gas,  0w , does not involve any change 
of internal energy, i.e. ∆𝑢 = 0. Internal energy u can be expressed via enthalpy h as 
000011 vphvph mbb  . Using the perfect gas law MRTpv  , the equation for enthalpy 
Tchh p
0 , the mass conservation law 0mmb   , and the assumption that initial temperature is equal 
to the temperature at which enthalpy of formation was specified, results in the following equation: 
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The first term on LHS is heat of combustion for the considered localised fuel-air mixture 00 mbc hhh   
(for exothermic reaction 0 ch ). Its simple algebraic expression may be written assuming a single-step 
reaction (here is given example for hydrogen): 
       222222 79.0171.021.079.021.01 NOOHNOH   . (9) 
Treating coefficient  in (9) as number of moles, the mass of bunt mixture is: 
              molgmolmolgmolmolgmolmb 2879.013271.021.018   . (10) 
As the masses of burnt and unburnt mixtures are the same, and the amount of unburnt mixture is 1 
mole, the heat of reaction per 1 kg of flammable (or burnt) mixture may be calculated in either way:  
mcmcc MHmHh   , 
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Rearranging (8) for 1bT  
gives: 
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Thus, the pressure corresponding to this closed volume combustion based on the perfect gas law, is: 
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For calculations of hydrogen-air mixture deflagration overpressure  (see below) the hydrogen heat of 
combustion was adopted as ∆ℎ𝑐 = −2.4410
5
 J/mol. Specific heats of water vapour H2O, oxygen O2 and 
nitrogen N2 were calculated using respectively the following polinomilas [29]:  
𝑐𝑝𝐻2𝑂 = 1563.08 + 1.604 ∙ 𝑇 − 2.933 ∙ 10
−3 ∙ 𝑇2 + 3.216 ∙ 10−6 ∙ 𝑇3 − 1.157 ∙ 10−9 ∙ 𝑇4       (T1000 K) 
    and = 1233.23 + 1.411 ∙ 𝑇 − 4.029 ∙ 10−4 ∙ 𝑇2 + 5.543 ∙ 10−8 ∙ 𝑇3 − 2.940 ∙ 10−12 ∙ 𝑇4   (T>1000 K), 
 𝑐𝑝𝑂2 = 834.83 + 0.2930 ∙ 𝑇 − 1.496 ∙ 10
−4 ∙ 𝑇2 + 3.414 ∙ 10−7 ∙ 𝑇3 − 2.278 ∙ 10−10 ∙ 𝑇4      (T1000 K) 
   and = 960.75 + 0.1594 ∙ 𝑇 − 3.271 ∙ 10−5 ∙ 𝑇2 + 4.613 ∙ 10−9 ∙ 𝑇3 − 2.953 ∙ 10−13 ∙ 𝑇4    (T>1000 K), 
𝑐𝑝𝑁2 = 979.04 + 0.4180 ∙ 𝑇 − 1.176 ∙ 10
−3 ∙ 𝑇2 + 1.674 ∙ 10−6 ∙ 𝑇3 − 7.256 ∙ 10−10 ∙ 𝑇4       (T1000 K) 
   and = 868.62 + 0.4416 ∙ 𝑇 − 1.683 ∙ 10−4 ∙ 𝑇2 + 2.997 ∙ 10−8 ∙ 𝑇3 − 2.004 ∙ 10−12 ∙ 𝑇4    (T>1000 K). 
The system of equations (7), (11)-(13) forms the model, which may be now solved for the localised 
mixture maximum deflagration pressure . 
Method 2 to calculate  
Calculation of adiabatic flame temperature (12) and closed vessel pressure (13) can be done using 
thermodynamic equilibrium model realised, for example, in GASEQ software [30] (constant volume 
adiabatic process with reactants N2, O2, H2, H2O, OH, H, O). For the lower flammability limit of 
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hydrogen 𝜑 = 0.04  the thermodynamic equilibrium solution by GASEQ provided higher adiabatic 
flame temperature 1bT  by negligible 0.9% and a bit larger pressure 1bp  by 3.3% than the solution of 
equations (12) and (13) (see Table 2 below).  
2.2 The thermodynamic model validation 
Stamps et al. [5] conducted experiments on combustion of localised hydrogen-air mixtures in the closed 
constant volume vessel. The vessel in the form of pipe was filled in partially by hydrogen-air mixture 
separated by a piston from an inert gas (carbon dioxide, helium, nitrogen). When hydrogen-air mixture 
deflagrated the piston compressed the inert gas until pressure equilibration on both sides of the piston. 
The varied parameters included volume fraction of combustible gas, pressure in the burnt gas 1bp  varied 
depending on the hydrogen concentration in unburnt mixture, and the type of the inert gas.  
Experimental measurements [5] included burnt mixture pressure 1bp , for which a companion set of 
constant volume combustion tests was conducted filling the entire vessel with hydrogen-air mixtures. 
Table 1a gives comparison of the model solution (7) against experimental data [5] for varying flammable 
volume fraction  with constant hydrogen-air equivalence ratio 0.997 using experimental data on 1bp . 
Table 1a shows also predictions by the model of Boyack et al. [10] as done in [5]. The Ulster model 
scatter in prediction of 2p is closer to experimental data while predictions by [10] are shifted to higher 
overpressures.  
Table 1b compares the experimental results [5] with the derived equation (7) and the solution by Boyack 
et al. [10]. However, in Table 1b both models use pressure 1bp  calculated independently from experiment 
by equations (11)-(13), which is more preferable as an engineering tool for safety design. Solution to the 
model by Boyack et al. [10] for such conditions is not available in [5] and was developed in this study. 
The analytical solution for 1bp  (Table 1b) is higher than the experimental value of 1bp  (Table 1a) due to 
heat losses; as a result the value of 2p  is higher for both models too. Yet, the derived here model predicts 
experimental data more favourably than the solution by Boyack et al. [10]. The predictions are 
conservative for all inert gases and all mixture volume fractions . 
2.3 The upper hydrogen inherently safer inventory limit 
The developed and validated model may now be used to find out the maximum possible hydrogen 
inventory in a closed space like a warehouse (in the limit of negligible leaks), which, if released and 
deflagrated, will not generate deflagration overpressure that the enclosure cannot withstand for any 
possible distribution of fuel in air within flammability limits. Any leaks present in a realistic enclosure 
will decrease overpressure which will keep the model predictions on conservative side. Here, the solution 
is presented for the explosion overpressure (p
2
-p
0
)=10 kPa, which is adopted as a typical threshold value 
for damage to civil structures. More accurate assessment of overpressure damage to buildings may be 
found, e.g. in work by Baker et al. [31] who found that minor structural damage of a building can be 
produced by a blast wave with overpressure in the range of 4.8-17.0 kPa and impulse above 130 Pas, as 
well as for any overpressure above 4.8 kPa if the impulse is in the range 130-300 Pas. Alternatively, 
Mannan [32] suggested the following overpressure thresholds: 4.8 kPa for minor damage, 6.9 kPa for 
partial demolition, and 34.5 kPa for almost total destruction.  
The volumetric fraction of hydrogen in unburnt mixture is denoted as  . Table 2 shows values of  
volumetric fraction of unburnt mixture in the enclosure,  , which were calculated assuming that the 
deflagration overpressure is equal to 10 kPa. The table also presents burnt mixture pressure pb1 and 
temperature Tb1 at state “1” calculated using equations (11)-(13). The averaged throughout the entire 
enclosure volumetric fraction of hydrogen is then 2Hx . Let us derive the upper limit of hydrogen 
inventory, i.e. averaged through the entire enclosure volumetric fraction of stored and released hydrogen, 
as an easy calculated parameter for use in safety engineering design of hydrogen systems and 
infrastructure. This limit allows to define the hydrogen inventory in a closed building, which will not 
destroy the structure even if the localised mixture formed by release of this inventory deflagrated. 
Table 2 demonstrates that higher concentrations of hydrogen can be ignored as they don’t give 
conservative (lower) value of 𝑥𝐻2 (𝑥𝐻2 increases with hydrogen concentration). By this reason the range 
of studied hydrogen concentrations is 4-20% by volume only. The value of volumetric fraction 
2Hx  is minimum at hydrogen concentration 4% by volume (lower flammability limit, LFL) and 
equals to 0.00314, i.e. averaged throughout enclosure volume hydrogen concentration is 0.314% by 
volume. This specifies the upper limit on hydrogen inventory expressed as the volume of hydrogen 
allowable to be releases in a closed structure:  
VVH  00314.02 , (14) 
where V is the free enclosure volume. This solution may be expressed in terms of the upper hydrogen 
inventory limit in terms of mass, which could be more convenient tool in some situations:  
VmH
4
2 1061.2
 , (15) 
where 2Hm  is the maximum mass of hydrogen (in kilograms) allowable to be released into volume V (in 
m3), e.g. into a warehouse, assuming normal initial temperature and pressure. 
Method 1 and method 2 give a difference in the upper hydrogen inventory limit within acceptable for 
hydrogen safety engineering value of only 1.3%. Thus, the upper hydrogen inventory limit, expressed in 
form (14) for volume or in form (15) for mass, can be considered as independent on the method of 
calculation of 1bp .  
Table 1a. Comparison of experimental data, the model solution for p2, equation (7), and solution by Boyack et al. [5]; both solutions are based on 
experimental data p
b1
, hydrogen-air mixture equivalence ratio for all experiments is 0.997. 
Inert 
gas 
H2-air 
mixture 
volume 
fraction 
 
p
0
, kPa 
Experimental 
pressure  
p
b1
, kPa 
Adiabatic 
index for 
burnt 
mixture 
b 
Inert gas 
volume 
fraction 
(1-) 
Adiabatic index 
for inert gas, to 
be used asair in 
(7)  
Experimental 
p
2
, kPa [5] 
Solution  (7),  
this study 
Solution  
by Boyack et al. as 
developed in [5] 
 
p
2
, kPa error, % p
2
, kPa error, % 
CO2 0.4686 105.5 599.7 1.372 0.5314 1.289 295.7 305.2 3.18 346.7 17.2472 
CO2 0.8783 109.3 632.1 1.372 0.1217 1.289 491.9 555.1 12.85 571.8 16.2431 
He 0.4686 105.4 598.9 1.372 0.5314 1.667 335.8 326.0 -2.93 365.9 8.96367 
He 0.8783 105.8 612.2 1.372 0.1217 1.667 553.1 546.1 -1.26 560.5 1.33791 
N2 0.4686 104.7 595.4 1.372 0.5314 1.4 316.5 309.5 -2.22 350.3 10.6793 
N2 0.8783 109.8 635.3 1.372 0.1217 1.4 530.1 560.7 5.77 576.9 8.82852 
 
Table 1b. Comparison of experimental data, the model solution for p2, equation (7), and solution by Boyack et al. [5]; both solutions are based on 
analytical value p
b1
 (equations (11)-(13)), hydrogen-air mixture equivalence ratio for all experiments is 0.997. 
Inert 
gas 
H2-air 
mixture 
volume 
fraction 
 
p
0
, kPa 
Pressure p
b1
, 
(11)-(13), kPa 
Adiabatic 
index for 
burnt 
mixture 
b 
Inert gas 
volume 
fraction 
(1-) 
Adiabatic index 
for inert gas, to 
be used as air in 
(7)  
Experimental 
p
2
, kPa [5] 
Solution  (7),(11)-(13)  
this study 
Solution  
by Boyack et al. [10]  
as developed in this 
study 
 
p
2
, kPa error, % p
2
, kPa error, % 
CO2 0.4686 105.5 794.3 1.372 0.5314 1.289 295.7 402.1 36.0 431.8 46.0 
CO2 0.8783 109.3 794.3 1.372 0.1217 1.289 491.9 701.1 42.5 711.9 44.7 
He 0.4686 105.4 794.3 1.372 0.5314 1.667 335.8 428.7 27.7 456.8 36.0 
He 0.8783 105.8 794.3 1.372 0.1217 1.667 553.1 710.1 28.4 719.8 30.1 
N2 0.4686 104.7 794.3 1.372 0.5314 1.4 316.5 409.8 29.4 439.1 38.7 
N2 0.8783 109.8 794.3 1.372 0.1217 1.4 530.1 704.2 32.8 714.6 34.8 
 
  
 Table 2. Solution of the model equations (7), (11)-(13) for (p
2
-p
0
)=10 kPa. 
  p
b1
, Pa T
b1
, K  
0.04 0.0786 2.46105 720.5 3.1410-3 
0.08 0.0474 3.59105 1074.5 3.7910-3 
0.12 0.0355 4.59105 1404.5 4.2610-3 
0.16 0.0293 5.50105 1718.0 4.6910-3 
0.20 0.0253 6.32105 2020.0 5.0610-3 
 
  2Hx
 3 Vented deflagration of localised homogeneous and inhomogeneous mixture 
3.1 Experimental programme 
3.1.1 Experiments at Karlsruhe Institute of Technology (KIT) 
Experimental compaign on vented deflagrations with uniform and stratified hydrogen-air mixtures was 
conducted at KIT as a part of coherent effort withon HyIndoor project [28]. The vented vessel at KIT had 
nearly cubic shape with dimensions H×W×L=1000×960×980 mm and is shown in Figure 2a. The vessel 
was located in a room having sizes 5.5×8.5×3.4 m and 160 m3 volume (see Figure 2b). Rear, bottom and 
front panels were manufactured of 10 mm thick aluminium plate. The top, left and right vessel walls were 
fabricated of optically transparent sandwich panels (5 mm thick fire-resistant glass and 15 mm thick 
plexiglass on the outer side) to provide optical access and video record of deflagration process. Background 
Oriented Schlieren (BOS) technique was used to detect flame front location based on visualisation of density 
gradients, for which a random background pattern was fixed behind the experimental vessel seen in Figure 
2b. The vent was sealed using stretched latex membrane for the duration of mixture preparation procedure. 
To avoid effect of membrane on deflagration dynamics, it was cut open using electrically driven knife prior 
to ignition. 
The experiments with uniform (homogeneous) hydrogen-air flammable layers are summarised in Table 3, 
and experiments with non-uniform (inhomegeneous) hydrogen-air mixtures – in Table 4. The experimental 
programme with uniform concentration layers included hydrogen volumetric fractions in air  =0.10, 0.15, 
0.20 and 0.25, and unburnt mixture volume fractions in the enclosure =0.25 and 0.50. A square vent of 
the same area 0.25 m2 was used in all experiments with uniform mixtures. Experiments with non-uniform 
layers included six different gradient layers with maximum hydrogen fraction under the ceiling from =0.10 
to =0.20, and a vent with area either 0.01 m2 or 0.25 m2. Details of hydrogen distribution in non-uniform 
layer experiments are given in the following section. 
 
a) b)  
Figure 2.  KIT experimental facility: a) test vessel design, b) test vessel (front view) inside the facility 
room. 
Hydrogen-air mixture with specified hydrogen concentration was prepared using flows of hydrogen and air 
via mass flow Bronkhorst type controllers with an accuracy of  0.1% H2 vol. For this, the streams of 
hydrogen and air were mixed in a mixing chamber outside of the test vessel, and then this homogenous 
mixture was slowly brought into the vessel close to the top plate. Thickness of the layer was controlled 
adjusting the height of the exhaust pipe, which was used to evacuate displaced gases. Hydrogen 
concentration in the vessel and in the exhaust flow was continuously monitored, and the specified layer of 
Rear wall
Left wall
given hydrogen-air mixture was formed when hydrogen concentration at outflow reached that one at the 
inflow. Hydrogen concentration was monitored during mixture preparation by sampling probes method 
combined with Fisher-Rosemount MLT4 gas analyser. The accuracy of concentration measurements in a 
stratified layer was 0.2% H2 vol. at certain position. The spatial non-uniformity of hydrogen concentration 
at different horizontal position of the same vertical coordinate was evaluated for four points and was within 
0.3% H2 vol. 
Fast PCB pressure transducers, Kistler and Kulite XTEX pressure sensors were used to measure 
experimental overpressure: four transducers inside the vessel and five transducers outside of it, two sensors 
inside and two sensors outside the vessel. Pressure dynamics was recorded using a fast data acquisition 
system. The accuracy of pressure measurements was within 5% depending on the signal level. Pressure 
signal was processed using the Fast Fourier Transformation (FFT) with a low band filter of 400 Hz to 
exclude an effect of acoustic noise and filter out oscillations associated with natural frequency of the 
enclosure, improving pressure measurements accuracy to 2%. 
Ignition system used spark electrodes with continuous sparking for reliable ignition and allowed to ignite 
the mixture in various vessel locations. The  ignition electrodes for all experiments with uniform and non-
uniform hydrogen-air layers were located in the enclosure centre-plane, at distance 25 mm from the rear 
wall and 25 mm from the ceiling.  
Table 3. Details of hydrogen-air uniform layer deflagration experiments in KIT facility. 
Experiment Volumetric fraction of flammable 
mixture in the vessel,  
Hydrogen volumetric fraction 
in the flammable mixture,  
Vent 
area, m2 
Maximum 
overpressure, Pa 
HIWP3-072 0.25 0.10 0.25 107.8 
HIWP3-073 0.50 0.10 0.25 240.1 
HIWP3-074 0.25 0.15 0.25 452.3 
HIWP3-075 0.50 0.15 0.25 1427.0 
HIWP3-076 0.25 0.20 0.25 2656.4 
HIWP3-077 0.25 0.20 0.25 2581.1 
HIWP3-078 0.50 0.20 0.25 6273.0 
HIWP3-079 0.25 0.25 0.25 6257.4 
HIWP3-081 0.50 0.20 0.25 7900.3 
HIWP3-082 0.50 0.25 0.25 18339.1 
 
Table 4. Details of hydrogen-air non-uniform layer deflagration experiments in KIT facility. 
Experiment Mixture gradient  
(min-max hydrogen fraction in mixture , vol.) 
Vent area, m2 Maximum overpressure, Pa 
HIWP3-032 Gradient 6 (0.05-0.10) 0.01 350 
HIWP3-033 Gradient 1 (0.02-0.12) 0.01 840 
HIWP3-034 Gradient 2 (0.04-0.15) 0.01 2170 
HIWP3-035 Gradient 3 (0.04-0.17) 0.01 2580 
HIWP3-036 Gradient 3 (0.04-0.17) 0.01 2400 
HIWP3-037 Gradient 4 (0.06-0.17) 0.01 2550 
HIWP3-038 Gradient 5 (0.04-0.20) 0.01 3090 
HIWP3-041 Gradient 3 (0.04-0.17) 0.01 2100 
HIWP3-042 Gradient 3 (0.04-0.17) 0.01 3030 
HIWP3-043 Gradient 4 (0.06-0.17) 0.01 2960 
HIWP3-044 Gradient 2 (0.04-0.15) 0.01 2870 
HIWP3-045 Gradient 6 (0.05-0.10) 0.25 48 
HIWP3-046 Gradient 1 (0.02-0.12) 0.25 35 
HIWP3-047 Gradient 2 (0.04-0.15) 0.25 52 
 
Figure 3 gives two examples of flame propagation dynamics in a non-uniform mixture deflagration in 
experiments HIWP3-045 and HIWP3-072. Photos are taken from a side of the facility, the vent is on 
facility’s left-hand side. Figure 3a shows initial stage of flame propagation with flame located at the rear of 
the facility under the ceiling. The flame propagation is predominantly in a horizontal direction along the 
flammable layer, Figure 3b. Figure 3c shows venting of combustion products. The products occupied the 
upper part of the facility. In experiment HIWP3-045 the products occupied relatively large part of the vent, 
while in HIWP3-072 the products were vented only through the upper part of the vent. 
 
a)   
b)   
c)   
Figure 3.  Deflagration propagation dynamics for tests HIWP3-045 (left) and HIWP3-072 (right):  
a) initial stage of flame propagation after ignition, b) further flame propagation in a layer within the 
vessel, c) venting of combustion products outside the vessel. 
 
3.1.2 Experiments at Health and Safety Executive (HSE)  
A series of large-scale tests on non-uniform mixture layers was conducted at the HSE facility (shown in 
Figure 4) as a part of HyIndoor project experimental work [24] and included uniform compositions as well. 
The vented enclosure has a geometry similar to many ISO container-based hydrogen facilities with 
dimensions; H×W×L =2.5×2.5×5.0 m and internal volume of approximately 31 m3. The enclosure was 
located at the HSE test site in Buxton, fitted with passive vents and a flow controlled hydrogen supply. It 
was designed to withstand an internal overpressure of 0.2 bar. The hydrogen was introduced via a vertical 
pipe installed near the floor with a nominal release rate of 150 NL/min. A small hole in the floor was used 
to avoid over-pressurising the enclosure during the hydrogen release. For the considered experiments with 
non-uniform mixture layers the deflagrations were vented through passive vents 1 and 5 within the enclosure 
walls (see Figure 4b) each having an area of 0.224 m2. The vents were covered by 20 micrometers 
polyethylene sheet pre-perforated around its perimeter to facilitate “clean” opening during a deflagration. 
This arrangement typically gave an opening pressure of approximately 1 kPa for the vent covers. The 
mixtures were ignited by a spark plug located at 0.3 m distance from the ceiling and 0.8 m from the far wall 
opposite to the vents 1 and 5. The ignition source was an AC spark, which ran for a few seconds and provided 
relatively large ignition energy (in excess of 1 J). The hydrogen concentration was analysed by measuring 
the change in oxygen concentration depletion using electrochemical oxygen sensors, spaced at 
approximately 0.31 m from each other. Oxygen sensors had accuracy ±0.1% vol. in air, which translated to 
a hydrogen concentration uncertainty of  ≈0.5% vol. The internal pressure was measured using two Kistler 
pressure transducers ranged 0–2 bar abs., which were mounted flush with the side walls of the enclosure. 
 
a)   b)  
Figure 4.  HSE experimental facility: a) test vessel view, b) test vessel scheme. 
Three tests were conducted with stably stratified quiescent gradient mixtures in the HSE facility and are 
summarised in Table 5. The tests WP3/Test21 and WP3/Test26 had maximum deflagration overpressure 
equal to the vent opening overpressure, i.e. maximum overpressure was not result of deflagration dynamics 
at the end of the process but merely determined by strength of polyethylene cover. By this reason these tests 
are not used for the model validation and only test WP3/Test22 is part of the model validation domain. 
Table 5. Details of hydrogen-air non-uniform layer deflagration experiments in HSE facility. 
Experiment Min-max hydrogen fraction 
in the flammable mixture,  
Vent area, m2 Vent burst 
overpressure, kPa 
Maximum 
overpressure, kPa 
WP3/Test21 0.001-0.105 0.448 2 2 
WP3/Test22 0.001-0.123 0.448 1 5 
WP3/Test26 0.001-0.101 0.448 2.5 2.5 
 
3.2 Theoretical model  
3.2.1 Major derivation steps and assumptions 
Figure 5a shows a schematic physical layout for localised mixture deflagration in a vented enclosure at 
initial moment: a layer of flammable fuel-air mixture is located under the ceiling of the enclosure. Figure 
5b demonstrates a conceptual calculation scheme corresponding to the same arrangement and used for the 
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VENT 2 
Hydrogen release pipe  
0.42 m 
2.50 m 
Oxygen depletion sensors  
Pressure transducers  
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0.3m from ceiling , 0.8m from wall 
model development: the flammable mixture contains fuel of mass  occupying volume , and air with 
mass '
airm  occupying volume 
'
airV . Total mass of air in the enclosure, including air in flammable mixture, is 
airm  and total air volume is airV . It makes volumetric fraction of fuel in the flammable mixture 
, and fraction of flammable mixture in the vessel volume .  
a) 
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Figure 5. Localised flammable mixture in a vented enclosure: a) layout, b) calculation scheme. 
The background of the localised vented deflagration model was suggested for the first time in 1996 by one 
of the authors [33]. Its major derivation steps are based on the vented deflagration model for uniform 
flammable mixture occupying the entire enclosure volume [14]. The model is built on the volume 
conservation equation in the enclosure written in non-dimensional form for burnt and unburnt mixture (the 
last includes both flammable mixture and non-reacting air)  
1 ub  , (16) 
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the non-dimensional mass conservation equation for burnt and unburnt mixtures 
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and the non-dimensional equation for conservation of internal energy  
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The internal energy of unburnt and burnt mixtures can be written respectively as: 
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It can be shown that 
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. Using this equation, the 
perfect gas law and the adiabatic expansion/compression assumptions, an expression for non-dimensional 
pressure can be derived: 
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Using thermodynamic relations for adiabatic process vcR1  , 
u
uiu TT
 11 , and the definition of 
the combustion products expansion coefficient uibbiui TMTME  , the energy conservation equation 
becomes: 
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This equation does not contain the burning velocity yet, which may be introduced via the dimensionless 
mass conservation equations for burnt and unburnt gas respectively: 
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where #uR , 
#
bR  are non-dimensional parameters equal respectively to: 
          21112# 1112 uuuuuuR    ,  (26) 
          21112# 1112 bbbbbbR    , (27) 
and W is the venting parameter, which may be expressed via the turbulent Bradley number, Brt, as: 
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Then, the energy conservation equation gives a pressure dynamics equation in dimensionless form: 
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where 
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The two members in the numerator of the RHS of this equation are responsible for the “competition” 
between pressure increase due to combustion process (positive member) and pressure decrease due to 
outflow of gases through the vent (negative member). 
The further model development is done for low-strength equipment and buildings when the dimensionless 
overpressure can be accepted as 1 . The model assumptions are: 
1. The maximum overpressure is achieved when , hence we can assume that the numerator in 
equation (29) is equal to zero, and thus: 
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Once by the definition u
u
 1  and uuu n   , then 
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2. In many cases a localised flammable mixture will be far from the vent due to the fact that it occupies only 
a fraction of the enclosure volume. This assumption is conservative from safety point of view since the 
outflow of combustion products decreases deflagration overpressure more efficiently compared to the 
outflow of unburnt gas (because the higher outflowing gas temperature the higher outflow volumetric flow 
rate). Then, we can assume that the outflowing gas is entirely the unburnt mixture, i.e. there is no combustion 
products in the vent and thus the model parameter 0A . This results in the simplication of equation (31) 
to: 
  #321
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3. For the purposes of this study with the reasonable accuracy we could assume   ub , and thus: 
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Hence, the venting parameter can be expressed as: 
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(34) 
The same assumption   ub  leads to an updated equation for parameter Z:  
       







  










 11 1
11
1
i
u
bu
u
b
b
u
ib EEZ
uu . 
(35) 
4. At the end of combustion process the volume fraction of adiabatically compressed burnt products 
b  
may be expressed using initial volume fraction of the flammable mixture 
mi , expansion coefficient of 
combustion products at initial conditions Ei, and non-dimensional pressure as  1 imib E , and further, 
using the initial mass fraction of flammable mixture min , as 
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The assumption airm MM  , reduces this further to
 1 miib nEw . It should be underlined that due to 
dimensionless volume conservation equation (16) 
b  
cannot exceed 1.0 (because volume of burnt mixture 
in an enclosure cannot be larger than the volume of enclosure itself). This step of development process 
represents the largest difference compare to the model for an enclosure fully filled with flammable mixture.  
5. Equation (26) for #
uR  can be simplified if the function  
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 is expanded in Taylor series about 
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be approximated as      111   xf x . 
 
Then, the equation for #
uR  can be re-written in a simpler form as: 
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(37) 
6. Using dimensionless density  1u , the equation for 
#
uR  can be rewritten as   
211# 12  uR . 
Finally, substituting equations for 
b , Z and 
#
uR  in equation (34) for W gives: 
     
  
 
  
  





 








 3211
21
3232
211
32111
12
1
12
1 miiimiii nEEnEEW
 
 
  
   
  



 




 







 6
95
21
3232
3211
21
3232
12
1
12
1 miiimiii nEEnEE . 
(38) 
 
Table 6 demonstrates that for pressures, which are characteristic for low-strength equipment and buildings 
and lean hydrogen mixtures, the expression     695  is close to 1 with acceptable for engineering 
correlations accuracy. 
 
Table 6. Value     695  for hydrogen-air mixtures. 
Hydrogen fraction, 
 
Overall thermodynamic 
index*,  
Adiabatic 
index,  
Non-dimensional 
pressure,  
Value     695  
0.3 0.55 1.4 1.2 0.938 
0.2 0.63 1.4 1.2 0.952 
0.1 0.74 1.4 1.2 0.971 
Note: * - see definition further in the text. 
 
As a result, the venting parameter may be equated to: 
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where    1  is the sought-out dimensionless overpressure, which can be written, using (28), as:  
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The term 3232 mii nE  is the approximate expression of 
32
bw , which cannot be larger than 1.0. Thus, the more 
appropriate form of equation (40) is: 
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
7. A few auxiliary equations should be derived to express mass fraction of fuel-air mixture min
 
using its 
volumetric fraction in the enclosure, , and volume fraction of fuel in the localised fuel-air mixture, . First, 
mass of air in localised hydrogen-air mixture  can be expressed using its volumetric fraction  1  in 
the flammable volume 'mV , and the perfect gas law: 
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which may be rearranged as: 
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Then, the volume fraction of fuel in the whole enclosure volume,  airff VVV  , can be rewritten 
using mass fractions instead of volume fractions as:  
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The mass fraction of flammable fuel-air mixture    airfairfmi mmmmn  ' , can be rewritten using 
equation (43) for '
airm  as: 
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which, taking into account (44), gives: 
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Thus, the equation for the dimensionless overpressure of localised flammable mixture vented deflagration 
is now: 
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or, bringing into consideration the turbulent Bradley number the theoretically derived correlation is:  
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The correlation (48) will be adjusted to the experimental data in the form similar to the vented deflagration 
correlation for uniform mixtures occupying entire enclosure volume [4,19], i.e. B
tBrA
  (theoretically 
derived coefficient B=2 will be tunned to reproduce experimental data): 
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where the term in the paranthesis is “additional” compared to the venting correlation for deflagration of 
uniform mixture occupying the entire enclosure. In the limit , the localised mixture vented deflagration 
overpressure (49) reduces to  22iBt EBrA  , which is marginally different from the uniform mixture 
correlation, i.e. B
tBrA
  [4,19], due to peculiarities of the equation derivation along with the 
assumptions specific for localised mixture deflagrations. The value of coefficient B will be defined by back-
fitting of the correlation to experimental data in section 3.5. 
3.2.2 Flammable mixture properties 
The laminar burning velocity of hydrogen-air mixture was calculated using equation 
    nmHuu ppTTSS 0020  , where  20 HuS   is the laminar burning velocity as a function of hydrogen 
volumetric fraction 
2H
  at initial temperature T0 and pressure p0, T and p are operating pressure and 
temperature, m and n are temperature and baric indexes respectively. For the ease of future correlation use 
an equation was developed for the burning velocity  20 HuS   in the range 20.012.02 H  volumetric 
fraction based on the data [34]: 
  +101.3207-103.9615+10-4.7702= 3 2
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20 HHHHuS       
     .026+101.8597-102.2392+ 2
22
2
3
HH   . 
(50) 
For hydrogen volumetric fraction equal to 0.10 reported in [34] burning velocity had a scatter between 0.070 
and 0.115 m/s. The value closer to the upper measured value is adopted here: 11.00 uS  m/s. Below 
10.02 H  burning velocities were taken from [35]. Temperature index m and baric index n were used as 
per [36], see Table 7. 
 
1
Table 7. Temperature index, m, and baric index, n, as a function of hydrogen volume fraction,  [36]. 
 0.15 0.20 0.25 0.295 0.35 0.40 0.43 0.45 0.50 0.55 0.60 0.65 0.70 
m 2.6 2.2 1.9 1.7 1.5 1.45 1.4 1.4 1.45 1.5 1.7 1.9 2.2 
n -0.05 0.01 0.05 0.09 0.1 0.1 0.1 0.1 0.1 0.08 0.06 0.03 0 
 
It is assumed that initial pressure in deflagration experiments is equal to the initial pressure at which burning 
velocity was measured, i.e.   0.10 
n
i pp . The approximation for temperature index, m, is: 
4.5752+18.5478-44.32819+66.6992-67.1521+-25.94559= 2
2
2
3
2
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2
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2 HHHHHm   . (51) 
The dependence of combustion products expansion coefficient, Ei,  on hydrogen fraction in the flammable 
mixture, , was calculated using thermodynamic equilibrium model and then approximated with the 
following correlation applicable for 0.04-0.34 hydrogen volumetric fraction range:  
 
    . 
(52) 
3.2.3 Analysis of solution for dimensionless maximum vented deflagration overpressure  
The analytical solution for localised vented deflagration overpressure, equation (48), allows to analyse the 
effect of unburnt mixture fraction, , and the fuel fraction in the flammable mixture, , on the maximum 
deflagration overpressure, .  
Expression in the brackets of RHS in correlation (48) contains the flammable mixture fraction  only in 
denominator of denominator and thus the whole expression should be approximately proportional to . 
For the same flammable fuel-air composition the turbulent Bradley number  will be the same. Hence, 
in the assumption that burnt mixture never exceeds the enclosure volume (i.e. neglecting MIN operator), 
from correlation (48) the maximum overpressure  should be proportional to the flammable mixture 
volume fraction, , in power 4/3. 
For the same amount of released to enclosure fuel ( Const ), the increase of the fuel fraction,  , will 
result in the inversly proportional decrease of flammable mixture fraction, . Then the ratio of deflagration 
overpressures achieved for two different mixtures with the same amount of released but differently dispersed 
fuel will be (at the moment we consider uniform fuel-air mixtures): 
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. (53) 
The comparison of overpressure from deflagration of two different in fuel concentration localised hydrogen-
air mixtures having the same amount of hydrogen in the same enclosure is given as an example in Table 8.  
Table 8. Mixture properties for calculating overpressure ratio by equation (53). 
Mixture   uiS , m/s  uic , m/s 21    
1 0.1 0.2 0.862 5.52 381 
112.4 
2 0.2 0.1 0.117 3.50 361 
 
   3 2
34
2
35
2
46
2
3
2 101.3646 - 106.1677 + 101.2712 - 108.7755= HHHHHiE 
1.1478 19.767 + 101.2427 +108.7755 2
2
2
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For the given choice of two mixtures, i.e. 20% of hydrogen in air for mixture “1”, and 10% for mixture “2”, 
and the theoretically obtained value of B=2 (see equations (48) and (49)), the deflagration overpressure ratio 
is significantly different, . The increase of burning velocity, , and the expansion 
coefficient, , for mixture “1” compared to mixture “2” has an overwhelming effect over the decrease of 
flammable mixture fraction, . This example shows how serious implications could be if hydrogen safety 
system for indoor use is designed improperly.  
This theoretical analysis indicates that the maximum overpressure in a localised vented deflagration will be 
strongly affected by a portion of mixture with the fastest burning velocity and the largest expansion 
coefficient, while contributions of slower burning parts of flammable mixture are expected to be negligible. 
 
3.3 Deflagration-outflow interaction number, /µ 
Calculation of the deflagration-outflow interaction (DOI) number (which may be thought as the overall 
flame wrinkling factor) to be used in the turbulent Bradley number, is done following the ideas of work 
[19]. The DOI number, /µ, is a product of individual flame wrinkling factors each responsible for different 
phenomena contributing to the increase of the burning rate:  μ⁄ = 𝛯K𝛯LP𝛯FR𝛯𝑢′𝛯AR𝛯O. The model accounts 
currently for the following phenomena:  
- dependence of laminar burning velocity on pressure and temperature of unburnt mixture; 
- turbulence generated by flame front itself, K ; 
- preferential diffusion in stretched turbulent flames (leading point concept), LP ; 
- fractal increase of flame front area, FR ; 
- flow turbulence in unburnt mixture, 'u ; 
- flame area increase due to elongation of flame in non-spherical vessel geometry, AR ; 
- flame turbulisation by obstacles, O .  
The flame wrinkling factors ',,, uFRLPK   are a legacy of CFD studies on modelling and large eddy 
simulations (LES) of hydrogen-air deflagrations carried out at Ulster during the last two decade and was 
successfully used to model deflagrations in a wide range of scales, environments and mixture compositions, 
see for example [37-44].  The state-of-the-art in the calculation of these wrinkling factors is described below.  
The flame wrinkling factor due to turbulence generated by the flame front itself, , is based on the theory 
by Karlovits et al. [45]. The upper limit of this wrinkling factor, in the assumption that the turbulent burning 
velocity at high level of turbulence is close to u’, was shown [46] to be equal to: 
3/)1(max  iK E . 
(54) 
Though the dependence of Karlovitz wrinkling factor on the flame radius was used in CFD simulations [19, 
37-40,42-44], in the present lumped parameter model the dependence on the flame radius was relaxed and 
this wrinkling factor is taken equal to its maximum value following cited CFD studies:  
 11 max  KK  , (55) 
where  is the empirical coefficient reflecting the observation of the CFD study that the maximum value of 
the turbulence generated by the flame front itself was not realised all the time, probably because a turbulence 
level in the studied deflagration experiments didn’t reach maximum value. The empirical coefficient  as a 
function of hydrogen volume fraction in the mixture  is [19]: 
  for , (56) 
4.11221   uiS
iE
K
1 2.0
 for  
 for . 
The leading point wrinkling factor LP  describes the increase of the burning rate due to the preferential 
diffusion in stretched flamelets of turbulent flames, which was named by Zeldovich as “leading points” 
effect. The combination of preferential diffusion and flame curvature provides the maximum burning rate 
for only a particular radius of curved flame from the spectrum of different radii in a turbulent brush. These 
points lead the propagation of turbulent combustion front. The wrinkling factor is calculated for different 
hydrogen concentrations following Zimont and Lipatnikov [47]. The CFD model [43, 44] presumes linear 
growth of leading point wrinkling factor with flame radius from unity to its maximum value approximated 
by equation (57). For the purpose of the correlation derivation LP  was taken equal to its maximum value 
because at the end of vented deflagration the combustion is turbulent. This wrinkling factor is approximated 
as a function of hydrogen volume fraction: 
0.35.73.6
22
2max  HHLP  . (57) 
The wrinkling factor FR  accounts for combustion augmentation due to the increase of fractal surface of 
the flame front with its radius. Gostintsev et al. [48] concluded that the transition from laminar to fully 
turbulent self-similar regime of flame propagation occurs after critical flame radius, 0R . Here the flame 
wrinkling factor is calculated as [19]: 
0.1FR  for 0RR  , 
  20/


D
FR RR  for 0RR  , 
(58) 
where the critical radius is calculated as a function  of hydrogen volumetric fraction in a flammable mixture: 
2826.03478.4
20
 HR   for 295.02 H  and 0.10 R  
m for 295.0
2
H . This dependence is fitted to 
provide critical radius value 
 
m following conclusions of Gostintsev et al. [48], who reported the 
critical value 2.10.10 R  
m for near-stoichiometric hydrogen-air mixtures. The critical radius decreases 
in lean mixtures reflecting their higher susceptibility to thermo-diffusive instability. The fractal dimension 
value is adopted as 33.2D  [49]. The calculation of fractal wrinkling factor (58) requires value of outer 
cut-off, R, which is taken as an enclosure size, i.e. 0.1R  m for KIT tests and 0.5R  m for the HSE 
experiment. 
Wrinkling factor 'u  accounts for the effect of initial flow turbulence in unburnt mixture on flame 
propagation. Calculation of factor Ξ𝑢′ is based on RNG turbulence combustion model by Yakhot [50], 
realised here in a specific way (see [37-44] for details): 
𝑆𝑡 = (Ξ𝐾Ξ𝐿𝑃Ξ𝐹𝑅𝑆𝑢𝑖) ∙ 𝑒𝑥𝑝(𝑢′ 𝑆𝑡⁄ )
2, 
so that turbulence wrinkling factor may be found as 
Ξ𝑢′ = 𝑆𝑡 (Ξ𝐾Ξ𝐿𝑃Ξ𝐹𝑅𝑆𝑢𝑖)⁄ = 𝑒𝑥𝑝(𝑢′ 𝑆𝑡⁄ )
2. 
In all considered validation experiments the mixture was initially quiescent (𝑢′ = 0) and the factor was 
taken as 0.1' u .  
Premixed flame propagating through an enclosure tends to elongate towards a vent and take at  the end of 
the process the shape of enclosure. The aspect ratio flame wrinkling factor, AR , accounts for the growth 
of flame front area in non-spherical enclosure. It is calculated as the total area of the enclosure walls (total 
area of the flame envelope if local mixture combustion products do not occupy the entire enclosure volume) 
to the area of sphere having the same volume (“equivalent sphere”) [4,17-19]. However, the combustion 
products may not occupy the whole enclosure for a localised deflagration, even if the entire localised 
25   ,3.02.0 
5.0 3.0
0.10 R
mixture is burnt, and the flame shape may be particularly elongated in non-uniform mixtures with fastest 
flame propagation along mixture composition with the largest burning velocity. This is the case for all non-
uniform mixtures in KIT experiments (HIWP3-32 through to HIWP3-38, HIWP3-041 through to HIWP3-
047), uniform mixture experiment HIWP3-072, and HSE experiment WP3/Test22. In this situation the 
aspect ratio wrinkling factor was calculated as the ratio of the area of total burnt mixture (occupying volume 
VEi  under an enclosure ceiling), to the area of equivalent sphere having the same volume as expanded 
combustion products: 
  
   326
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WLHELW
i
i
AR


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
. (59) 
Flame wrinkling factor O  models flame acceleration due to wrinkling and turbulisation of the flame by 
obstacles. No obstacles were employed in the considered experimental program, and the factor was taken 
as 0.1O . There is data that this factor could be about 3-4 for “moderate” obstacles density in the case 
when enclosure fully filled in by flammable mixture. More research is needed to deeper undertstand and 
quantify the effect of obstacles in vented deflagration overpressure.  
 
3.4 The model for non-uniform localised mixture vented deflagrations 
The application of correlation (49) for venting of inhomogeneous localised mixture deflagration requires 
criteria for specification of a flammable layer volume fraction with highest burning velocity, which is 
responsible for the pressure build-up as demonstrated in section 3.2.3.  
In this study the fraction of the fastest burning flammable mixture  responsible for the pressure buildup, *, 
is calculated as a ratio of the flammable layer thickness, having the burning velocity within a specified range 
between the maximum burning velocity, 
MAXu
S , which is located in stratified hydrogen-air mixture under the 
ceiling, and a fraction of this velocity, which has to be defined in this study, to the vessel height. The tested 
range of burning velocity was  
MAXu
S0.18.0   ,  
MAXu
S0.19.0  ,  
MAXu
S0.195.0  , and  
MAXu
S0.198.0  .  
It was also assumed, based on the previous studies of the lower flammability limit on the direction of flame 
propagation, that the flame does not propagate downwards when hydrogen fraction in the mixture is below 
095.02 H , and the flammable mixture fraction contributing to the pressure build-up, , was limited by 
this threshold value as well.  
Mixture properties (burning velocity, combustion products expansion coefficient, speed of sound, molecular 
mass) were calculated as a function of average hydrogen volumetric fraction in the considered portion of 
the layer responsible for the pressure build-up   2
222 MINHMAXHH
  . Hydrogen distribution with height 
in KIT and HSE experiments is given in Figure 6 and Figure 7 respectively. Numerical values of hydrogen 
fraction and burning velocity with height, and volume fraction of the fastest burning flammable mixtre * 
corresponding to the optimum range  
MAXu
S0.195.0   (see section 3.5 below) are given for KIT experiments 
in Table 9, and for HSE experiment - in Table 10. Hydrogen concentrations in HSE experiment were 
measured only within heights 0.31-2.17 m, and concentration under the enclosure ceiling (height 2.50 m) 
was extrapolated preserving maximum measured hydrogen concentration value. 
  
   
  
  
Figure 6. Hydrogen distribution with height in KIT experiments with inhomogeneous mixtures. Ignition 
location is 25 mm under the vessel ceiling. 
 
  
Figure 7. Hydrogen distribution with height in HSE test WP3/Test22 with inhomogeneous mixture. 
Ignition location is 0.30 m under the vessel ceiling. 
 
Table 9. Mixture properties in KIT experiments (fraction of the fastest burning flammable mixture in the 
volume * is calculated for the burning velocity range ). 
 
Gradient 1  
(HIWP3-033, -046) 
Gradient 2  
(HIWP3-034,-044,-047) 
Gradient 3  
(HIWP3-035, -036, -041, -042) 
Height, 
m 
H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* 
1.00 0.1198 0.140 3.7110-2 0.1495 0.362 2.7110-2 0.1698 0.544 2.70810-2 
0.75 0.0987 0.093 0.1271 0.195 0.1409 0.292 
0.50 0.0623 0.051 0.0860 0.130 0.0931 0.100 
0.25 0.0321 0.0 0.0505 0.0 0.0541 0.047 
0 0.0211 0.0 0.0355 0.0 0.0377 0.0 
 
Gradient 4  
(HIWP3-037, -043) 
Gradient 5  
(HIWP3-038) 
Gradient 6  
(HIWP3-032, -045) 
Height, 
m 
H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* H2 
volume 
fraction 
Burning 
velocity 
Su, m/s 
* 
1.00 0.1694 0.540 2.6610-2 0.2000 0.857 2.8110-2 0.1000 0.100 9.0010-2 
0.75 0.1401 0.286 0.1625 0.475 0.0913 0.090 
0.50 0.1019 0.100 0.1100 0.125 0.0775 0.055 
0.25 0.0669 0.053 0.0638 0.052 0.0644 0.052 
0 0.0522 0.0 0.0463 0.0 0.0588 0.050 
 
Table 10. Mixture properties in HSE experiment WP3/Test22, burning velocity range . 
Height, m H2 volume fraction Burning velocity Su, m/s * 
2.50 0.1232# 0.172# 2.2010-1 
2.17 0.1232 0.172 
1.86 0.1201 0.154 
1.55 0.1122 0.119 
1.24 0.1017 0.105 
0.93 0.0791 0.058 
0.62 0.0257 0.0 
0.31 0.0013 0.0 
Note: # - extrapolated value (equal to the maximum measured value). 
 
3.5 The correlation and analysis of results  
Data from KIT and HSE vented deflagration experiments with partially filled by flammable mixture 
enclosures were processed as described above. Coefficients A and B in the correlation (49) were obtained 
by fitting the calculated by correlation overpressures to experimental ones.  
Four different ranges of the burning velocity were tested to define the needed fastest burning volume 
fraction, *, of a non-uniform flammable layer in the enclosure responsible for the pressure buid-up. The 
best results were obtained for the range  
MAXu
S0.195.0  . The widening of the range by the lower limit of 
burning velocities to  
MAXu
S0.18.0   and  
MAXu
S0.19.0  led to a larger value of *, higher overpressures in 
KIT non-uniform mixture experiments, and noticeable “departure” of uniform and non-uniform mixture 
overpressures from each other when correlated against the experimental data. 
Contrary, the decrease of the burning velocity range to  
MAXu
S0.198.0   led to too small value of the fatest 
burning flammable mixture fraction, *, and under-prediction of non-uniform layer vented deflagration 
overpressures with the same correlation coefficients, which again appeared as “departure” of predicted 
 
MAXu
S0.195.0 
 
MAXu
S0.195.0 
uniform and non-uniform overpressures from each other but with non-uniform predictions now lower than 
uniform ones.  
Table 11 shows values of *, the best-fit correlation coefficients A and B, and standard deviations between 
calculated by the correlation and experimental data for four tested ranges of burning velocities. The best 
agreement between experiments and the correlation (49) comprasing both uniform and non-uniform layers 
with flammable mixture fraction contributing to the maximum deflagration overpressure, *, corresponds 
to a relatively narrow range of burning velocity  
MAXu
S0.195.0  . This is in line with the result of the 
analysis of data in Table 8: deflagration overpressure is dominated by the fastest burning portion of a layer. 
Indeed, for the burning velocity range  
MAXu
S0.195.0   the value of * in the most of considered 
experiments corresponds to 2.66% -3.71% of the enclosure volume, with the largest value in experiments 
with Gradient 6 mixtures (HIWP3-032, HIWP3-045, see Table 4), where flammable fraction of non-
uniform layer contributing to the vented deflagration overpressure is 9% of the enclosure volume. 
Table 11. Sensitivity of the correlation predictions to the burning velocity range. 
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Figure 8 gives experimental, the best fit and conservative correlation overpressures versus parameter 
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Filled and open symbols represent non-uniform and uniform mixtures respectively.  The correlation (49) 
overpressures were calculated for the range  
MAXu
S0.195.0  . The best fit was obtained with the coefficients 
A=0.018 and B=0.92 using the least square method. The conservative correlation (to compensate for under-
prediction in HIWP3-082 test) is achieved with coefficients A=0.080 and B=0.92, making conservative 
correlation overpressure 4.4 times larger than that obtained from the best fit. 
The exact values of experimental and calculated overpressures are shown in Table 12 along with mixture 
properties and other calculated parameters. Experiments with non-uniform layered mixtures (Table 12, 
entries 1-14 and 25) are shaded by grey colour for easier identification.  
The largest experimental overpressures in uniform layers, in agreement with the analysis of data in Table 8, 
are achieved for deflagrations with largest hydrogen concentrations: 25% by volume (HIWP3-079 and -
082) and 20% by volume  (HIWP3-076, -077, -078, -081) as expected. 
For non-uniform mixture deflagrations the largest overpressures are also achieved in experiments where 
hydrogen concentrations under the ceiling are the largest: 20% vol. (HIWP3-038), 17% vol. (HIWP3-035, 
036, 037, 041, 0.42, 0.43), and 15% vol. (HIWP3-034, -044).  
Figure 8 demonstrates that the uniform and the non-uniform localised vented deflagrations obey the same 
correlation and have a comparable scatter. The largest overprediction for non-uniform layers is 186% for 
the test HIWP3-032 (*=0.09, =0.10), and the largest underprediction is -39% for the test HIWP-044 
(*=0.027, =0.15), giving difference between over- and underprediction 225%; standard deviation of 
experimental and predicted overpressure differences is 55.5%.  For uniform layers the largest overprediction 
is 153% for the test HIWP3-074 (=0.25, =0.15), and the largest underprediction is -77% for the test 
HIWP3-082 (=0.50, =0.25), resulting in spread of error 230%; standard deviation of experimental and 
predicted overpressure differences is 66.4%. This is comparable with the scatter for vented deflagration 
correlations for enclosures fully occupied by flammable mixture. 
 
 
Figure 8. Comparison of experimental overpressure, and results of the best fit and conservative 
correlations (filled symbols – non-uniform mixtures, open symbols – uniform mixtures). 
 
Figure 8 shows that the derived correlation reproduced the available set of 25 experiments in two different 
enclosures with reasonable engineering accuracy for a such complex phenomenon as vented deflagration of 
localised non-uniform and uniform mixture. A wider range of experimental conditions in terms of enclosure 
size, vent area, fraction of flammable uniform mixture in enclosure volume, , fraction of flammable non-
uniform mixture *, and hydrogen fraction in the mixture, , would help to further expand the validation 
domain of the correlation for localised vented deflagration derived here theoretically. 
 
Table 12. Experimental versus best fit correlation (49) overpressures (A=0.018 and B=0.92).  
Note: grey colour - inhomogeneous mixture experiments 
 
 
 
Experiment  or 
*, % 
(vol.) 
, % 
(vol.) 
R0, 
m 
Ei Mu, 
kg/kmol 
Sui, 
m/s 
cui, 
m/s 
     /   
exp  corr  
1 HIWP3-032 9.00 9.8 0.15 3.47 26.20 0.095 361 1.42 2.32 1.89 1.46 9.1 1.81 0.568 3.5010-3 1.0010-2 
2 HIWP3-033 3.71 11.8 0.23 3.90 25.67 0.138 365 1.67 2.20 1.62 1.93 11.5 3.66 0.356 8.4010-3 7.5210-3 
3 HIWP3-034 2.71 14.8 0.36 4.53 24.86 0.336 370 2.04 2.03 1.40 2.08 12.1 10.32 0.337 2.1710-2 1.7510-2 
4 HIWP3-035 2.71 16.8 0.45 4.92 24.32 0.508 374 2.26 1.92 1.30 2.00 11.3 15.51 0.365 2.5810-2 2.9810-2 
5 HIWP3-036 2.71 16.8 0.45 4.92 24.32 0.508 374 2.26 1.92 1.30 2.00 11.3 15.51 0.365 2.4010-2 2.9810-2 
6 HIWP3-037 2.66 16.8 0.45 4.91 24.33 0.504 374 2.26 1.92 1.30 2.02 11.4 15.51 0.360 2.5510-2 2.9110-2 
7 HIWP3-038 2.81 19.8 0.58 5.48 23.53 0.804 381 2.59 1.76 1.20 1.88 10.3 23.69 0.415 3.0910-2 5.6910-2 
8 HIWP3-041 2.71 16.8 0.45 4.92 24.32 0.508 374 2.26 1.92 1.30 2.00 11.3 15.51 0.365 2.1010-2 2.9810-2 
9 HIWP3-042 2.71 16.8 0.45 4.92 24.32 0.508 374 2.26 1.92 1.30 2.00 11.3 15.51 0.365 3.0310-2 2.9810-2 
10 HIWP3-043 2.66 16.8 0.45 4.91 24.33 0.504 374 2.26 1.92 1.30 2.02 11.4 15.51 0.360 2.9610-2 2.9110-2 
11 HIWP3-044 2.71 14.8 0.36 4.53 24.86 0.336 370 2.04 2.03 1.40 2.08 12.1 10.32 0.337 2.8710-2 1.7510-2 
12 HIWP3-045 9.00 9.8 0.15 3.47 26.20 0.095 361 1.42 2.32 1.89 1.46 9.1 0.07 0.568 4.8010-4 5.1910-4 
13 HIWP3-046 3.71 11.8 0.23 3.90 25.67 0.138 365 1.67 2.20 1.62 1.93 11.5 0.15 0.356 3.5010-4 3.8910-4 
14 HIWP3-047 2.71 14.8 0.36 4.53 24.86 0.336 370 2.04 2.03 1.40 2.08 12.1 0.41 0.337 5.2010-4 9.0410-4 
15 HIWP3-072 25.0 10.0 0.15 3.50 26.16 0.104 361 1.44 2.31 1.86 1.24 7.7 0.07 1.134 1.0810-3 1.9610-3 
16 HIWP3-073 50.0 10.0 0.15 3.50 26.16 0.104 361 1.44 2.31 1.86 1.24 7.7 0.07 1.323 2.4010-3 2.6610-3 
17 HIWP3-074 25.0 15.0 0.37 4.56 24.81 0.350 371 2.06 2.02 1.39 1.24 7.1 0.26 1.491 4.5210-3 1.1510-2 
18 HIWP3-075 50.0 15.0 0.37 4.56 24.81 0.350 371 2.06 2.02 1.39 1.24 7.1 0.26 1.510 1.4310-2 1.1810-2 
19 HIWP3-076 25.0 20.0 0.59 5.52 23.47 0.826 381 2.61 1.75 1.19 1.24 6.8 0.64 1.661 2.6610-2 3.3110-2 
20 HIWP3-077 25.0 20.0 0.59 5.52 23.47 0.826 381 2.61 1.75 1.19 1.24 6.8 0.64 1.661 2.5810-2 3.3110-2 
21 HIWP3-078 50.0 20.0 0.59 5.52 23.47 0.826 381 2.61 1.75 1.19 1.24 6.8 0.64 1.661 6.2710-2 3.3110-2 
22 HIWP3-079 25.0 25.0 0.80 6.36 22.13 1.24 393 2.32 1.52 1.07 1.24 4.70 0.72 1.783 6.2610-2 4.2310-2 
23 HIWP3-081 50.0 20.0 0.59 5.52 23.47 0.826 381 2.61 1.75 1.19 1.24 6.76 0.64 1.661 7.9010-2 3.3110-2 
24 HIWP3-082 50.0 25.0 0.80 6.36 22.13 1.24 393 2.32 1.52 1.07 1.24 4.70 0.72 1.783 1.8310-1 4.2310-2 
25 WP3/Test22 22.0 12.3 0.25 4.00 25.55 0.197 365 1.73 2.18 2.69 1.32 13.3 1.11 1.196 5.0010-2 2.8310-2 
 K LP FR AR
1
tBr  3232
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 4 Conclusions 
Two original localised mixture deflagration models developed at Ulster are presented for use as 
contemporary tools for hydrogen safety engineering. The models have been validated against 
experimental data on hydrogen-air mixture deflagrations available in the literature including experiments 
with stratified gas distributions carried out by KIT (Germany) and HSE (UK). The closed vessel model 
predictions were found to be within a +13%/-3% of the experimental data while the vented deflagration 
model predictions were found to be within +186%/-77% of the measurements. 
The first model is based on the laws of thermodynamics and calculates the overpressure from localised 
mixture deflagrations in closed structures. The upper limit of hydrogen inventory that could be released 
and then burned in a closed structure with a strength of 10 kPa is derived using the model. This upper 
safety limit is equivalent to 7.9% of the closed space being filled with 4% hydrogen. Hydrogen 
inventories above this value would be expected to cause damage to stuctures having a strength of 10 kPa 
while hydrogen inventories below this value may or may not cause damage (if there were locally high 
overpressures due to flame acceleration through a congested region damage could still result). 
The model and the correlation for vented deflagrations of localised gas mixtures, including non-
homogeneous mixtures has been presented for the first time. The model allows vent sizing of low-
strength equipment and buildings to mitigate adverse consequences of localised deflagrations for people 
and property. The theory demonstrates that only a small fraction of a non-uniform mixture with the 
highest burning velocity defines the maximum overpressure of a vented localised deflagration. The 
developed best fit correlation reproduces the experimental data with the best accuracy when the burning 
velocity range is taken as 95-100% of the maximum burning velocity. The conservative correlation is 
recommended for safety design of hydrogen systems and infrastructure. The coefficients for both the best 
fit correlation (A=0.018, B=0.92) and the conservative correlation (A=0.080, B=0.92) are derived.  
The significance of this study is in the provision of contemporary tools for safety engineers needed for 
hazard and risk analysis, and the design of deflagration mitigation systems using venting technique for 
localised mixtures, which were not available before. The results of this joint work of international team 
underpin the inherently safer deployment of infrastructure with indoor use of hydrogen. 
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